Intermittent spatio-temporal fluctuations of the instantaneous velocity gradient field are canonical to all turbulent flows. This translates to the highly intermittent spatio-temporal nature of the turbulent kinetic energy dissipation rate field . Intermittency of energy dissipation rate can also be described in terms of a corresponding instantaneous fluctuating dissipation scale η. This fluctuating dissipation scale may be defined as η: Re η = ηδ η u/ν ≈ 1; where δ η u = |u(x + η) − u(x)| is the longitudinal velocity increment. 1, 2 Physically, η is the instantaneous cut-off scale where viscosity overwhelms inertia. Now, the notion of a fluctuating length scale η as the cut-off scale is different from the classical dissipative scale η K = (ν 3 / ) 1/4 proposed by Kolmogorov 3 in that it is defined over the instantaneous velocity field and thus directly relates to the governing equations. Nevertheless, the two paradigms to capture the dynamics of dissipative structures: (1) through a continuous distribution of dissipative scales represented by its probability density function (PDF) Q(η), or (2) of a single dissipative scale η K ; both predict a form of universal structure of turbulence at the small scales provided that the intermittency characteristics of is universal (i.e., independent of the large scale). Equivalently, the small-scale structure of turbulence is universal if the distribution Q(η) has a form independent of the large scales. Identifying this universal form has been the quest of the statistical theory of turbulence for sufficiently large Reynolds numbers. Yakhot derived an analytical form for Q(η) by applying the Mellin transform properties to the structure function exponent relationships for moments of δ η u, combined with the Gaussian assumption. 1 This analytical estimate for high Reynolds number was constructed by utilizing an experimental fit to the measured behavior of the scaling exponent, ξ n (n) in isotropic flows, where n is the order of the moment. Bailey et al. experimentally measured Q(η) in a turbulent pipe flow over a wide range of Reynolds numbers. 4 They concluded that Q(η) is indeed insensitive to local anisotropy for sufficiently high Reynolds numbers. Their result also suggested reasonable agreement with Q(η) calculated for the case of homogenous isotropic turbulence (HIT), 5 4 and HIT, 5 there are significant departures for y + < 90, which includes a portion of the log-layer and the buffer layer. This departure was attributed to the specific properties of near wall coherent structures. In this letter, we explore if the anisotropic behavior of Q(η/η 0 ) for y + < 90 is a more general property of turbulent flows in the presence of strong mean shear. To test this, we performed a high resolution experiment to examine both the fluctuations in the dissipation rate as well as Q(η/η 0 ) within and around the strong free shear flow downstream of the flow past a backward facing step. The backward facing step flow is an anisotropic turbulent flow with a strong free shear region presumably void of the peculiar characteristics of coherent structures found in the near wall channel flow turbulence. As reported in the remainder of this letter, we report that the departure from isotropic behavior previously found in the near wall region in fact points to a more general mechanism linked to the presence of locally strong mean shear. Based on these observations, we propose that a family of universal forms for Q(η/η 0 ) must exist and can be parameterized by a local mean shear-dissipation Reynolds number defined as /(S 2 ν). We offer physical reasoning to support this argument. High-resolution, two-dimensional, time-resolved particle image velocimetry (PIV) experiments were carried out to capture the turbulent velocity field along the centerline of a rectangular channel flow with a backward facing step. A sketch of the backward facing step is shown in Figure 1 along with a contour plot of the ensemble averaged mean streamwise velocity. The step size h was 5 mm with the channel length being 172h. The inlet and outlet cross sections of the rectangular channel were roughly 6h × 13h and 7h ×13h, respectively. The expansion ratio defined as (H + h)/H, was 1.172 with an aspect ratio of b/H = 2.24, where b is the channel width and H the channel height. Water at room temperature was circulated through the acrylic channel driven by a submersible pump in a closed loop manner. The Reynolds number Re h was 13,600 based on the maximum free-stream velocity U 0 and step height h; Re D was 108,800, based on inlet hydraulic diameter. Raw PIV images were pre-conditioned prior to vector calculations by subtracting a sliding background image. Particle intensity normalization was done using a max/min filter, which helped to obtain homogeneous particle intensities. The measurement region captured the instantaneous turbulent 2D velocity field in the streamwise (x) × wall normal (y) directions along the channel centerline immediately downstream of the step. The velocity field sampling rate was 2 kHz and the spatial resolution of the data was 27.8 μm, which was confirmed to satisfy the condition in Ref. 7 to reasonably estimate . The total number of ensembles obtained was 4,215. Within the measurement domain, six positions of interrogation were chosen such that two were within the intense shear layer, two above in the free stream, and two below in the separated region (see Figure 1 ). With the origin being the corner of the step, the interrogation positions were (h, h/2) and (3h, h/2) in the free stream; (h, 0) and (3h, 0) in the strong shear layer; and (h, −h/2) and (3h, −h/2) within the separated zone, respectively. These points of interest correspond to regions of varying characteristics of the large scale anisotropy, particularly the magnitude of the principal mean shear rate, S. We calculated the lacunarity of the instantaneous dissipation rate signals at the six interrogation points. Instantaneous was calculated using the two-dimensional surrogate approach described in Ref. ). Lacunarity is a fractal measure that characterizes the temporal homogeneity in a multi-fractal signal. It is particularly sensitive to the pattern of intermittent signal bursts occurring at varying time scales, see Refs. 8 and 9. First, the raw dissipation signal is converted into a binary signal via a pre-set threshold. Given a window size (time scale) λ, the mass signal is obtained as the integral of the binary signal within the window. As the window slides across the entire time-series, the mass signal fluctuates. Lacunarity (λ) is then evaluated as (λ) = 1 + (σ Figure 2 shows the lacunarity of for three different thresholds namely, , + σ , and + 2σ for each of the six locations, where σ is the standard deviation of the fluctuating . The lacunarity functions have been shifted up by one decade for + σ and two decades up for + 2σ . The graphs show that the dissipation rate lacunarity for locations (h, 0) and (3h, 0) is consistently lower than at other locations which have lower local mean shear. Lower lacunarity implies that the mass signal fluctuates less relative to its mean. This translates to smaller but more frequent bursts in the dissipation rate signal. This is in stark contrast with the large but not so frequent bursts measured at the low mean shear locations. Notice how this is true at all time scales, λ. The above fractal analysis shows a measurable shift in the geometric properties of the dissipation rate signal with increasing shear. Gaps between bursts are smaller with increasing shear and the bursts are not so large relative to the mean (although the average dissipation rate is higher). Strikingly, these are the same conclusions from the dissipation statistics analyzed within the strong shear dominated near wall region in Ref. 10 .
PDFs of the local dissipation scale, Q(η) was calculated for each of the six interrogation points. The approach is identical to that described in Refs. 4, 6, and 11 with the qualifying condition for η being 0.9 ≤ ηδ η u/ν ≤ 2. Only longitudinal increments were considered. η was normalized with
where L is the integral length scale and Re L = L δ L u 2 1/2 /ν. Figure 3 (a) shows Q(η/η 0 ) for the six locations along with previously published results of Refs. 4, 5, and 6. From the figure, it is clear that the peak location for (h, 0) and (3h, 0) in the intense shear layer significantly shifts to values higher than that for the case of HIT (shown more clearly in Figure 3(b) ). The location of the peak appears similar to those in Ref. 6 for 30 < y + < 90 at Re τ = 590. To confirm that these shifts are indeed significant, we calculated the uncertainty in the PDFs. Given that the PDF is derived from the histogram of the occurrence of η, and that the measured variable in the above inequality is δ η u, it is straight forward to propagate the percent error in the instantaneous velocity of the PIV measurements to the uncertainty in the PDF. Our uncertainty of 2.5% in velocity translates to an uncertainty of 2.8% in δ η u. Given that the inequality is the only qualifying criteria, the uncertainty in the PDF may be achieved by perturbing the upper and lower limits of the inequality. To be conservative, we recalculated the PDFs by incorporating a 10% variation in the limits and found that the resulting PDFs with this additional 10% uncertianty in δ η u insignificantly influenced the shape and position of the peak (same histogram bin with maximum counts). The error in η 0 was estimated at 2.5% based on statistical convergence. Thus, the overall error in the normalized peak location in roughly 2.5%. As seen in both Figures 2 and 3 , the intermittent fluctuations of and the corresponding distribution of η is clearly dependent on the strong mean shear. While this does not debunk the notion of universality of small-scale turbulent fluctuations, it does indicate the need to refine the description of the small-scale structure by including local anisotropy parameters to further refine the theoretical model of the distribution of η. In this direction, here we provide dimensional arguments to elucidate how strong mean shear can physically alter the small scale structure. Given that mean shear, S regulates turbulence production; it must define a range of production length scales that represent the injection of turbulent kinetic energy or stirring. These production length scales ranging from the large scale to the smallest scale may be defined as
While ( /S 3 ) 1/2 is a turbulent length scale, which phenomenologically represents the cut-off representing the dominance of mean shear driven energy production as opposed to the transfer via the energy cascade, (ν/S) 1/2 is not. Physically, given a stationary mean shear flow, (ν/S) 1/2 gauges the size of a ball surrounding a point in the fluid domain whose Reynolds number is one. Thus, it is the dissipative scale, similar to the definition of η, but of the mean flow. Another physical interpretation is that it is the length scale across which the turbulent dissipation rate at that length scale ∼ ν 3 /L 4 S,ν is equal to the viscous dissipation rate of the smooth mean flow, ∼νS 2 . It is evident from these dimensional constructions that the above shear derived scales tend to infinity as S → 0, indicating that production at low shear occurs at the large scale. It also indicates that as the local shear magnitude increases, both ( /S 3 ) 1/2 and (ν/S) 1/2 can begin to overlap with the range of the fluctuating η. Notice that the ratio of the squares of ( /S 3 ) 1/2 to (ν/S) 1/2 defines the mean shear-dissipation Reynolds number Re S given by
which → 0 with increasing magnitude of S. It is also easy to see that the ratio of ( /S 3 ) 1/2 to the Kolmogorov scale is Re (1) and (2) were in fact anticipated by Corrsin 12 who argued on the basis of competition between the local energy transfer time scale and the normalized mean shear time scale captured by Sτ η . We also note here that the above dimensional arguments can also be formulated on the fluctuating turbulent velocity field. It is easy to see that Re S can be expressed in terms of the fluctuating dissipation scale η as Re S ∼ (Sη 2 /ν) −2 . Thus, one may pose the same arguments as above without invoking dimensional analysis, by defining an alternative shear-dissipation scale Reynolds number as a moment defined over Q(η) given by
Thus, the local dissipation dynamics departs from the isotropic expectation if instantaneously the number Sη 2 /ν 1. Physically, this represents the cut-off where locally Sη δ η u. With regards to hypothesis (3), it indicates the possible existence of a more general universality class for the small-scale structure of turbulence that is applicable for all shear flows as long as the mechanism of turbulence production is purely shear driven, and that the classical picture is only a special case when shear vanishes. Now, the existence of a universal structure that is shear dependent may sound like an oxymoron given that mean shear has classically been associated with the large scale. But it could be true if and only if the very mechanism of shear driven turbulence production itself were to be universal. In other words, the turbulent production mechanisms in the strong shear region of a free jet is statistically identical to turbulent production in a mixing layer or even a boundary layer provided the relevant dimensionless numbers (i.e., Re L and Re S as suggested above) are matched. Combining this notion of a universal turbulence production structure with the underlying universal multi-fractal structure, the nature of the small-scale structure is hypothesized to obey a new class of universality that is dependent on precisely the relative position of the production scales (defined by Re S ) with respect to the separation of turbulent scales. These ideas extend the classical notion of universality, which still hold as a special case at vanishing shear and, as discussed in the context of the data presented in the remainder of this letter, remains to be a very good approximation for Re S ≥ 40.
Using our data and previously published data, we performed a preliminary test for hypothesis (1) The data also show a significant departure for Re S < 40 with (η/η 0 ) peak increasing in magnitude. There appears to be an inflection for Re S ∼1 and a rapid increase in (η/η 0 ) peak for Re S <1. The significant deviation from HIT for Re S < 40 supports hypothesis (2) . All the data show reasonable collapse. The significantly higher (η/η 0 ) peak for Re S ∼30 in the PIV data was examined closer, and can be explained through the inherent limitation of defining the integral length scale in strongly anisotropic flows (which is the next challenge to address before testing these hypothesis in much stronger anisotropic flows). This data point corresponds to location (h, −h/2), which lies within the separated zone. The point is within 0.3 mm of the strong shear layer and thus, the longitudinal two-point correlation function inevitably traverses from low to high shear. We would like to note that if we recalculate the position of this data point by revising the mean shear at this location as the average over the integral length scale, the data point shifts to the left and exactly falls in line further improving the collapse of data. We also note here that the (η/η 0 ) peak level corresponding to pipe data at y/R = 0.1 (Ref. 4) agrees more with the collapsed data than the HIT prediction. All of these observations with a reasonable data collapse seem to support hypothesis (3) with respect to the existence of a family of universal structures of turbulence. However, more studies are necessary to study this behavior in multi-directional anisotropy with a more general definition of integral length scale. To illustrate how Re S significantly varies in space and can therefore play a significant role in the variation in local structures, Figure 4 departure of Q(η/η 0 ) from the HIT behavior for y + < 90. 6 It also explains the departure observed in our data for regions with large mean shear in the free shear layer downstream of the backward step.
In summary, this letter has shown the relevance of considering local anisotropic parameters such as the mean shear in tackling the problem of understanding the departure of small-scale structure of turbulence in strongly anisotropic yet high Reynolds number flows from that observed for the case of HIT. Through physical arguments, we have proposed that there may exist a family of universal structures of turbulence through the introduction of the mean shear Reynolds number Re S or equivalently the ratio of mean shear time scale to turbulence time scale ST L . Alternatively, it can also be described by the Reynolds number L 0 (Sη 2 /ν)Q(η)dη. Our high-resolution PIV measurements in the backward facing step not only shows that the fluctuation in dissipation rate becomes relatively less intermittent in the presence of strong shear (through fractal analysis), but also that the peak location of Q(η/η 0 ) shifts to the right. This shift is consistent with near wall Q(η/η 0 ) in channel flows where mean shear is high. By combining our data and performing meta-analysis of previous data in channel flow turbulence, we have shown that Re S <40 significantly marks the shift for the small scale structure from HIT behavior. We have shown partial evidence that this shift may still be universal as our data, which consist of free-shear turbulence, agree with the wall-bounded turbulence and HIT when parameterized with Re S . However, further detailed investigations of increasingly complex anisotropic turbulent flows, with strong principal shear as well as a generalized definition of integral length scale independent of the two-point correlation function, are needed.
